best agreement with the data and a threshold work value, and a 77 work index representing the summation of the product of work 78 above the threshold and time were developed. 79 Recent research has used effective methods to investigate 80 levee erodibility. Kamalzare et al. (2011) performed a number of 81 laboratory tests on levees with different geometries, and investi-82 gated the effects of different parameters on levee erodibility. 83 The rilling process occurring on the landside slope was studied, 84 and erosion effects occurring on the waterside slope were not 85 considered. The duration of various erosion phases were meas-86 ured, but no data was collected regarding the quantity of eroded 87 soil. Stanier and White (2013) describe a new apparatus and 88 techniques for performing deformation measurements using systems. An optical system was set up to trace flow movements 127 in a two-dimensional (2D) physical model of a soil profile, and 128 analyzed using digital image processing to define images of 2D 129 concentration profiles in the model. Model surfactant flushing 130 tests were conducted using a layered soil system and two con-131 taminants, mineral oil and motor oil, to illustrate the feasibility 132 of using this water-based polymer to visualize geoenvironmen-133 tal contamination problems. Because a transparent soil was 134 used, the optical systems allow for visualizing surfactant flush-135 ing. The study demonstrates that Aquabeads are suitable for 136 modeling multiphase flow, particularly in educational settings. 137 Kamalzare et al. (2013a Kamalzare et al. ( , 2013b , Kamalzare et al. (2012a, 138 2012b), Holmes et al. (2011 ), Stuetzle et al. (2011 ), Yu et al. 139 (2009 ), and Xiao et al. (2009 Raschke and Hryciw (1997) present a semi-automated tech-143 nique for obtaining the grain-size distribution (GSD) of granu-144 lar soils using computer vision. Backlighted digital images of a 145 soil specimen dispersed over a glass specimen plate are acquired 146 at three different magnifications. Images of the specimen were 147 acquired by placing the specimen plate randomly beneath the 148 field of view of a charged coupled device (CCD) video camera. 149 The size of particles with projected areas from 50 to 2000 px 2 150 was measured in each image. Multiple images were acquired 151 at each magnification until the measured size distribution of 152 particles counted at that magnification stabilized. Probabilistic 153 corrections were then used to obtain a statistically unbiased 154 GSD from the image data obtained at all three magnifications. 155 A comparison of GSD data for two uniform and two non-156 uniform soils using both computer vision and sieving was also 157 presented.
158
Although much work has been done to simulate erosion in 159 the field of computer graphics, there has been limited valida-160 tion. This is mostly because of limitations of current laboratory 161 measurement methods. A primary objective of this research was 162 to find a methodology to validate computer simulations by lab-163 oratory experimentation. Therefore, in this research, laboratory 164 tests using model levees have been performed to improve the 165 computer simulations of levee and embankment erosion. To 166 evaluate the effects of water flow on real levees, some centrifuge 167 tests were also performed simulating full-scale prototype levees 168 and embankments. A new visualization methodology has been 169 introduced that not only provides 3D images of erosion chan-170 nels but also the capability to validate the quantity of the ero-171 sion and the evolution of erosion channels as a function of time.
Conventional Visualization Methods
173 Techniques for the measurement of deformations and soil 174 transport in geotechnical models have developed significantly in 175 recent years. Early studies by Butterfield et al. (1970) and 176 Andrawes and Butterfield (1973) 
227
To facilitate the recognition of the boundaries of the model 228 levee, brightly colored tape was placed on the edges of the top Table 1 . 
COMPUTER SIMULATION

301
During the course of this research, a computer simulation was 302 also developed to model hydraulic soil erosion (Stuetzle 2012; 303 Kamalzare 2013). To model the levee system, the high-304 resolution particle-based Lagrangian method based on 305 smoothed particle hydrodynamics (SPHs) was used. This 306 method was first presented by Gingold and Monaghan (1977), 307 and is based on the Navier-Stokes equations and discretized to the center of the centrifuge to minimize the centrifugal loads. Because the position of the Kinect and the model levee 499 were fixed during the experiments, the positions of the cells 500 were constant. Considering the size of the particles of the soil 501 used in this research, and the relatively small dimensions of the 502 cells, it can be confidently assumed that the difference between 503 the recorded depths for a cell in two different frames would be 504 equal to the amount of eroded soil in each cell, in the time 505 period between the frames. Thus, the amount of the eroded soil 506 at any specific time during the overtopping experiment can be 507 calculated by subtracting the values of the recorded frame at a 508 given time from the first recorded frame at the beginning of the 509 experiment. The variation of the amount of eroded soil can be 510 calculated at different times, i.e., the volume of eroded soil 511 versus time (erosion rate).
512
To calculate the amount of eroded soil, the volume of the 513 pyramid, which is between the Kinect and four neighboring 514 cells, was calculated. The amount of eroded soil in the time 515 period between two specific frames would then be equal to the 516 difference between the volumes of the two respective pyramids. 517 The volume of the pyramids can be calculated by calculating the 518 area of the triangles at each side. The area of the triangles can 519 be calculated using Eq 3:
Area ¼ 1=2AB sin a The extent to which this actually happens is a topic for 688 future study. The research reported in this paper focuses on the 689 nature of the erosion, rather than on its speed. There is insuffi-690 cient data to validate the g 2 scaling relation for erosion time.
FIG. 13
Three-dimensional view of the primary channel in a centrifuge experiment (at full breach). 
FIG. 14
FIG. 18
Results of the analyses of the data after noise reduction and cropping irrelevant scanned objects (a) plan view of the crater after explosion experiment, and (b) three-dimensional view of the crater after explosion experiment. 
